The current paper analyzes the influence of texture and microstructure of Ti substrates on morphology and color of titanium dioxide coatings obtained by anodic oxidation. Substrates of Ti grade 2 and Ti grade 5 with different thermo-mechanical histories were used in the shape of cylindrical bars cut in both longitudinal and transversal directions, and laminated sheets. The crystalline orientation of the surface grains in the substrate before oxidation, were determined by electron backscatter diffraction. The oxide coatings were analyzed by optical and scanning electron microscopy. The results show that different substrate grain orientations produce oxides with different colors, because of different thickness depending on their orientations. An oxide grown on a basal hcp plane, with higher atomic density is thinner than an oxide grown on a transversal hcp plane with lower atomic density. This effect is more pronounced on elongated grains. Different anodic oxidation process parameters and heat treatments of the substrate were applied in order to * Corresponding author; veramalau@gmail.com.ar; fax: 54 11 6772 7886.
Introduction
Anodic oxidation is a simple and low cost electrochemical technique to obtain oxide coatings over metallic substrates [1, 2] . The characteristics and properties of the coatings depend on the electrochemical parameters (voltage, current density, electrolyte, etc) applied in the oxidation [1, 2, 3, 4] .
Titanium dioxide synthetized by anodic oxidation is widely investigated due to its interesting applications roughly divided into energy, environmental [5] , biomedical [6] and esthetic [7] categories.
In the literature it is reported that TiO2 coatings obtained by anodic oxidation on laminated Ti-6Al-4V present a color pattern composed of one predominant color with small portions of other different colors, quasi-homogeneously distributed on the surface [8, 9, 10] with some hue and shade variations, which remains also after heat treatments performed after anodic oxidation [9, 11] .
With most electrolytes, the color of the anodic TiO2 coating obtained at low voltages is directly related to its thickness [10, 12] , and consistently resulted in only one global value of measured thickness [8, 9, 10] . However, in anodic coatings obtained on sheets of Ti-6Al-4V with sulfuric acid as electrolyte and an applied voltage of 60 V, Vera et al. [8, 9] observed a color contrast larger than in thinner coatings obtained at lower voltages. Two different colors (yellow and pink) were observed, indicating regions of coatings with different thicknesses. In fact, in those samples two values of thickness were determined and associated to each color [9] .
It was reported that different thicknesses in coatings on commercially pure (cp) Titanium were obtained by anodic oxidation for different crystal orientations of the substrate grains [13, 14, 15, 16, 17, 18] . Accordingly, it was proposed that the different colors in TiO2 coatings on laminated Ti-6Al-4V could be due to different crystal orientations of the substrate grains influencing the coating thickness.
For investigating this proposition, the crystal orientations of the grains of Ti-6Al-4V plates used as substrates were determined, and the relation with the color of the coating was analyzed. The grain crystallographic orientations were determined by electron backscatter diffraction (EBSD).
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and Ti-6Al-4V alloy plates, is presented, and the correlation with the anodic coating thickness is analyzed. Finally, options to eliminate the bi-color effect are suggested.
Materials and methods
Substrate preparation
Commercially pure (cp) Ti (99.5 wt %) and Ti-6Al-4V alloys, known as Ti grade 2 and 5
respectively (ASTM B 367 [19] ), were employed as substrates. They are referred as TiG2 and TiG5 samples respectively.
Two forms of TiG5 were used; a circular bar (30 mm in diameter) and a plate (2 mm thick). The
TiG2 was used only in plate form. To obtain samples of the cross section bar, it was cut in the cross section as cylindrical discs, 3 mm thick, which were then divided into 4 equal portions as quadrants, To reveal the microstructure of the substrates without coating, the Ti alloys were etched with a Kroll solution of composition: 5% HF, 30% HNO3 and 65% H2O for 1 s.
For the EBSD measurements, the polishing strategy consisted in using 400 through 2000 grit polishing paper followed by 9, 6, 3 and 1 µm diamond paste on polishing cloth and further vibratory polishing with colloidal silica.
Determination of the substrate crystallographic orientation
For determining the individual crystal orientations of the grains of the TiG2 and TiG5 alloys used as substrates, the EBSD technique was employed using a field emission scanning electron microscope Other texture measurements were directly performed by X-ray methods in a Panalytical X-Pert Pro MPD equipment. The diffractometer is suited with and Eulerian cradle, Cu K radiation, X-ray lens and Xe detector. Five incomplete pole figures were measured and corrected for defocusing and background. Recalculated pole figures and inverse pole figures were obtained through the calculation of Orientation Distribution Functions by using wxpopLA, the current Windows XP version of the popLA package [20] .
In order to correlate crystal grain orientations of the substrates with coating thicknesses, each sample of TiG2 and TiG5 plates were indented in several zones for reference, as shown in Figures 2 and 3, respectively. IPF images were taken from each reference zone before anodic oxidation.
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Anodic oxidation
The samples were anodically oxidized at 60 V for 1 min in a 1 M H2SO4 electrolyte solution. The mirror like polished Ti alloy substrate was used as anode and a Pt wire as cathode at a distance of 5 cm from the anode. A volume of 150 ml of the electrolyte is used and oxidation is performed at room temperature. The applied voltage reached 60 V by steadily increasing from 0 at a constant rate of 1.2 V/s, and remained constant in a potentiostatic mode during 1 min. After oxidation, the sample is withdrawn, rinsed with demineralized water and dried with hot air.
Color observations were made with an optical microscope (Arcano) where the sample was illuminated with an incandescent light with a predominant yellow spectrum (additional data of spectrum are provided in the Supporting Information, SI, section S1). All micrographs were taken under the same conditions of illumination, because it is extremely important to standardize the
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A C C E P T E D M A N U S C R I P T The optimum oxidation parameters should reduce the variations in oxide thickness from grain to grain to obtain a smooth coating thickness in the entire sample. In search of the optimum process, some of the oxidation parameters described in Section 2.3 were varied as shown in Table 1 . Every oxidation was performed at 60 V with 1 M H2SO4 electrolyte. TiG5 substrate without coating and samples oxidized at different electrolyte temperatures and during different time lapses (B, D and E) were analyzed by X-ray diffraction using a Philips PW 3710 diffractometer with CuK wavelength, using a thin-film Philips device that allows operation with a glancing incidence angle of 1 ∘ .
Heat treatment of substrates
Before anodic oxidation, samples of TiG5 plates were heat treated, in order to modify the texture and microstructure, as shown in Table 2 .
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These samples, after heat treatment, were mirror polished as described in Section 2.1, their structures were determined and they were anodically oxidized at 60 V for 1 min with a 1 M H2SO4 solution at 25 ºC, using a rate of 5.8 V/s and no stirring. 
Coatings produced on TiG5 and TiG2
The microstructures of the TiG5 substrates before oxidation are shown in Figure 4 . The microstructure depends on the type of sample (described previously in Figure 1 ). Samples with the structure shown in Figure 4 were anodically oxidized in a 1 M H2SO4 solution at 60 V for 1 min without stirring; the resulting coating surfaces are shown in Figure 5 .
The coating obtained in a cross section of the bar with an equiaxed structure is shown in Figure 5 (a); the TiO2 coating color is pink with some different hues and interspersed dark points. The dark points correspond to pores of the coating, which were confirmed by SEM observations. In addition,
in Figure 5 (a) some small and dispersed zones show a yellow color, associated with  phase interspersed between the majority of  grains, as is shown in the Figure S2 of SI, section S2. In the case of the coating produced on a longitudinal section of the bar the result is as shown in Figure 5 (b). In this Figure, the colors of the coating are yellow and pink following the elongated grains of the substrate microstructure. In Figure 5 (c), corresponding to the coating produced on TiG5 plate, similar patterns of pink and yellow, corresponding to an elongated structure as in Figure 5 (Figure 4 (a) ).
In the case of a TiG2 in plate form, the structure of the substrate before oxidation is shown in Figure   6 (a) and the coating after oxidation in Figure 6 (b). The color of the coating is yellow with a few regions with a hue of the same color.
These results show that the texture of the substrate has an important effect on the different thickness of the coating produced by anodic oxidation. In the following sections, the texture of the substrate is determined and the color of the coating is analyzed. 
Characterization of grain directions and oxide film color on TiG2 plate
Representative EBSD scans for the substrate of the TiG2 alloy are shown in Figures 7. The scans were indexed assuming the presence of α phase (hcp). The average grain size of the sample is 35 ± 20 µm and the texture is typical of cold rolled Ti [21] with basal poles tilted ±20⁰-40⁰ away from the normal direction against the transverse direction, as it is evident from Figure 8 (a).
(a) (b)
A C C E P T E D M A N U S C R I P T Once the texture of the TiG2 plate was determined, it was anodically oxidized using a 1 M H2SO4
solution at 60 V for 1 min. The EBSD maps and the optical micrographs are shown in Figure 9 (a) and 9 (b) for Zones 1 and 2. To analyze the influence of the grain orientation on the growth characteristics of oxide film, the normal direction inverse pole figure can provide information on the crystal direction aligned with The relation between substrate grain directions given by the IPF image and the resulting coating can be seen in Figure 14 (b) showing the micrograph of the oxide film. It is yellow for (0001) basal and (1013) directions, the last one highly populated as a consequence of the hot rolling process, and pink for each (11 24) , (21 10) and (1010). The other directions in IPF images have not been specifically correlated to oxide film colors; however, the oxides are also yellow and pink.
According to Figure 14 (b) , approximately 55% of the surface area of oxide film is pink, 34% is yellow and 10% has other colors or is black. The difference in color of the oxide film is univocally related to its thickness. Vera et al. [9] reported two values of thickness of 120 and 140 nm of samples anodically oxidized in 1 M H2SO4 at 60 V measured by X ray reflectometry. Those values correspond to oxide films grown on grains oriented in the basal plane (0001) direction and the transversal planes (2110), respectively. A thickness of 120 nm is seen in yellow color and the 140 nm is seen in pink color, in agreement with results reported in the literature [8, 9] (see SI, section S3). It is then clear that the thickness of the oxides grown on basal plane is thinner than in the other directions. This is also the case of the TiG2 substrates in which there is a predominant yellow oxide due to the larger surface area of grains directed with the basal plane (0001) along the perpendicular to the anodized plane. It has been proposed [13, 14] that the thickness of oxide films produced by anodic oxidation is inversely proportional to the atomic packing density in the plane exposed to oxidation. In the case of α hcp 
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17 structure, like the present case of Titanium, the plane (0001) has the highest density of 1.154a -2 where "a" is the hcp cell parameter. For the lateral planes the densities are 0.73a -2 for the (21 10) planes and 0.63a -2 for the (1010) planes [13] , showing that the thickness of the oxide films grown in the present experiments are in agreement with this proposition since the yellow oxide grows on the densest (0001) planes.
On the other hand, the pink oxide film has been determined according to the IPF to grow on transversal (2110) planes, which are denser than the (1010) planes, also in agreement with the proposed theory. It may also be concluded that the grains with pink oxides have a packing density close to 0.73a -2 , corresponding to the transversal (21 10) plane, whereas the grains on (1013) direction, on which also yellow oxides grow, have a packing density similar to the highest value of 1.154 a -2 . The inverse relation between the thickness of the anodic oxide and packing density has been explained on the basis of the electrochemistry of the process. The presence of a higher electron density on the surface, due to a higher packing density, reduce the rate of oxidation because of an interaction among the Ti substrate, the forming oxide and the electrolyte which affect the local electric field; thus producing less oxide with respect to less dense planes in the same period of oxidation time. In this regard, Leonardi et.al. [25] said that the growth rate of anodic TiO2 nanotubes gradually increases with the decreasing planar atomic density of the titanium substrate, because in the thin compact oxide the electron donor concentration and electronic conductivity are higher, which leads to a competition between oxide growth and other electrochemical oxidation reactions, such as the oxygen evolution, upon anodic polarization. Hermann et al. [26] also observed influence of crystallographic orientation of Ti alloy grains on the nanotubes formation.
In summary, the TiG2 sheet has a texture consisting of 55% of the surface area in the basal plane direction or tilted less than 45º, and the remaining 45% distributed in the other transversal orientations without a preferred one since none of them represent more than 7% of the total. In the case of the TiG5 sheet, the basal direction and the less than 45º inclined direction cover 21% and the transversal (2110) and (1010) grain directions cover 18% of the total surface area. The remaining grains are elongated regions with similar directions perpendicular to the anodized plane but different than the two mentioned above, surrounded by small grains with other random directions.
The effect of orientation of the Ti grains on the coatings are as follows; in the case of TiG2 substrate the oxide coatings has a nearly homogeneously yellow color corresponding to 120 nm thickness on prevalent basal hcp orientation, with some tonalities which were not possible to correlate with precision. In the case of the TiG5 substrates, the colors of the oxides on the different ACCEPTED MANUSCRIPT
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grains were pink and yellow. The pink oxides with thickness of 140 nm were observed on grains on the (1010) and (2110) directions and in between this last one and the (0001) direction, i.e. (11 24) .
The yellow oxides with a thickness of 120 nm were observed on the basal (0001) direction and between this one and the (1010) direction, i.e. (1013).
Effect of processing promoting a reduction on oxide thickness dispersion
The effect of grain orientation on the thickness of anodic oxide films have been also reported in the literature for cp Titanium [13] [14] [15] [16] [17] [18] . Since for many applications a smooth coating thickness is desired, mechanisms to minimize this effect on  Ti have been proposed. The procedures have been related to physical and electrochemical aspects of the process, such as increased growth rate [13, 18] , oxidation time [27] , stirring [28] and electrolyte temperature [28, 29] .
Some of these procedures have been applied in the present investigation, for obtaining uniform color-thicknesses or reducing the color-thickness difference for TiG5 alloys. The aspects we have considered are described in Tables 1 and 2 , and the results were as follows.
Voltage increasing rate to reach 60 V
All the results presented in the previous sections were obtained using an increasing rate of 1.2 V/s until reaching 60 V, where it was fixed during 1 min. For evaluating the effect of the rate, we increased the voltage at a rate of 5.8 V/s, almost five times the previous one, following previous reports [13, 18] could be due to the presence of the grains surrounding the  grains, the Al and V alloying, the grain size or the texture itself, in ways that must be analyzed from the kinetic point of view.
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A C C E P T E D M A N U S C R I P T [27, 29] due to a gradual crystallization of the TiO2 films on Titanium plates (99.8% Ti) [27] . However no further crystallization occurs according to XRD results shown in Figure 15 , where only peaks of the substrate TiG5 ( and ) are shown and no peaks of anatase nor rutile are evident. 
Electrolyte stirring
A TiG5 plate was oxidized for 1 min with a voltage rate of 5.8 V/s with magnetic stirring of the electrolyte, following reports that stirring minimize the non-uniformity of the oxide layer on grade 5
Ti alloy [28] . The attempt was based on the assumption that the cause of non-uniformity is associated with temperature stratification at the anode-electrolyte interface, which may be prevented by stirring. However, the results obtained in the present experiments did not show any improvement in oxide thickness uniformity. The results show that increasing the temperature to 40 ºC and the oxidation time from 1 to 10 min produces oxide layers with different but non-uniform colors, as observed in Figure 16 . The color is due to the formation of different thickness oxide films, obtained by oxidation with a larger current density [28] produced by larger electrolyte conductivity at higher temperature. Despite the higher temperature of the electrolyte, crystallization does not occur at 60 V according to XRD results shown in Figure 15 , where only  and peaks, and no peaks of anatase nor rutile, are shown. 
Heat treatments before oxidation promoting a reduction on oxide thickness dispersion
The second set of experiments performed on TiG5 substrates before oxidation, oriented to diminish the effect of texture on thickness in-homogeneity, consisted on three different heat treatments, as mentioned in Table 2 .
The effect of the different heat treatments on substrate microstructure can be observed in Figure 17 . performed on the three heat-treated plates can be observed in Figure 18 (b-d) . Overall, the colors of
the oxide films are more uniform in the three cases than in the oxidized original TiG5 plate ( Figure   18 (a)), indicating an improvement in thickness uniformity, with a predominant pink color and less yellow color. This improvement could be associated to heat treatment recrystallization, modifying the texture of the plates [30] , but already starting from a better-oriented population of crystals. Figure 19 shows the evolution of the texture of all three heat-treated samples through their IPFs.
Because of increasing temperatures and heat-treating times the texture evolves to a strongly oriented <21 10> directions //ND, reaching a value of 12 times random. Those preferred directions produce films with uniformly distributed pink color. 
Conclusions
The effect of substrate textures on colors and tonalities of TiO2 coatings on Ti alloys obtained by anodic oxidation were investigated. The substrates were Ti grade 2 and 5 alloys, from different origins and processes.
Anodic oxidation was performed in a 1 M H2SO4 solution at 60 V during 1 min. Before oxidation, the substrates were analyzed by EBSD to determine the crystalline orientations of the surface The colors of the oxides vary depending on the alloy type and on the crystal direction perpendicular to the anodized surface, because of the induced thicknesses, as previously known from the literature. In the case of TiG5 substrates, two colors (yellow and pink) predominate, which correspond to thickness of 120 and 140 nm, respectively. Each coating thickness corresponds to substrate grain orientations in the basal and transversal directions, respectively. The effect is related to the atomic density of the exposed grain surfaces, which slows oxidation rate at higher densities producing a thinner film than in less dense exposed surfaces.
In order to reduce the effect, several anodic oxidation process parameters were investigated. It is concluded that changes in oxidation parameters has no or little effect on producing more homogeneous coating thicknesses. However, pre-oxidation heat treatment of the substrate, which may modify the texture of the surface, resulted in less inhomogeneous thickness of anodic coatings.
So far, the best strategy for obtaining homogeneous thickness oxide layers seems to be the choice, through an adequate thermomechanical processing, of proper textures. Our particular rolled TiG5 plate subject to further heat treatments provided a strongly oriented population of [21 10] planes contained in the rolling plane and a consequent uniform color.
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Highlights  Influence of texture of the Titanium substrates on anodic coatings were analysed.
 On different Ti substrate grain orientations grew different coatings thickness.
 Oxide color depends on the Ti alloy and the crystal grain orientation.
 The texture effect on the color coatings is more evident on laminated substrates.
 Substrate heat treatments resulted in less inhomogeneous coatings thickness.
